T ropical landscapes lie at the nexus of two of the most pressing concerns for a globally sustainable future. First, future food demand is projected to increase by at least 50% by 2050 in response to growing levels of per capita consumption, shifts to animal-based diets, and increasing population (1) (2) (3) . Improving agricultural productivity in the tropics is critical to meet this demand (4, 5) as well as to alleviate chronic food insecurity currently afflicting nearly 1 billion undernourished people (2) . The second pressing concern is the need to reduce atmospheric concentrations of greenhouse gases to address climate change that is progressively affecting agriculture, coastal areas, human health, and many other sectors (6) . International policy discussions have focused on reducing emissions from tropical deforestation and degradation (REDD) for climate mitigation (7) . To date, this is one of the few strategies that has gained wide acceptance among parties to the United Nations Framework Convention on Climate Change in the Copenhagen Agreement.
These two concerns-food production and climate mitigation through reduced deforestation/degradation-are interconnected in tropical landscapes. Tropical forests and woodlands are the only remaining biomes where large tracts of land are available for additional expansion of agricultural production. Agricultural expansion is the primary cause of deforestation, often preceded by logging. As forests are cleared to make room for croplands and pastures, combustion and decay of biomass contribute to the accumulation of greenhouse gases in the atmosphere. Recent estimates indicate ≈1.2 Pg C/y (4.8 Pg CO 2 /y) for [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] (12% of all anthropogenic CO 2 emissions) (8) and 1.5 Pg C/y (6.0 Pg CO 2 /y) for 2000-2006 (9) were emitted from deforestation and forest degradation. Pressures to expand agriculture, including augmented production of bioenergy crops, are likely to lead to further tropical deforestation over large areas in the absence of incentives to counter these driving forces (10) .
Whereas reducing deforestation caused by agricultural expansion is a focus for climate mitigation in the tropics, agricultural intensification (increased output per area) is the primary focus for increasing food production. Seventy percent of the increase in crop production in developing countries over the last four decades has occurred through intensification from highyield seed varieties, synthetic fertilizer and other chemical inputs, irrigation, mechanization, multiple cropping, and shorter fallow periods (4) . The remaining increase in production occurred from expansion of agricultural lands. Projections suggest that 80% of future production increases need to result from intensification (4) . In tropical landscapes with low-yield smallholder agriculture and rangelands, the need for intensification is a key ingredient to overcome food insecurities, particularly with looming impacts of climate change (11) .
Intensification of food production potentially reduces pressure for agricultural expansion in active deforestation frontiers, thereby reducing forest conversion and resulting carbon emissions. On the other hand, intensification could involve higher livestock densities and chemical inputs that contribute other greenhouse gases, notably methane (CH 4 ) and nitrous oxide (N 2 O). These non-CO 2 greenhouse gases contributed over half of all agriculture-related greenhouse gases emissions since 1960, although the net effect of intensification has been a substantial reduction in total emissions relative to counterfactual scenarios in which historical food demands were met solely through agricultural expansion (12) . Future agricultural intensification will play a major role in meeting food demands, but is also likely to contribute a substantial portion of future greenhouse gases.
This special feature examines the linkages between food production and climate mitigation, two seemingly contradictory objectives for tropical landscapes. We address the following questions:
What are the trade-offs between climate mitigation by reducing greenhouse gas emissions from tropical deforestation/ degradation and food production? Can agricultural intensification alleviate these trade-offs? What policy and management options are most promising for synergistically mitigating climate change and enhancing food production in tropical landscapes? How do the trade-offs and synergies between climate mitigation and food production vary in different land use settings, in different regions, and at different scales of analysis?
The papers in this special feature address these questions from perspectives that vary according to the scale of analysis. Thomson et al. (13) , Angelsen (14) , and West et al. (15) take global-scale views of the linkages between food production and climate mitigation. Thomson et al. use an integrated modeling approach to understand potential outcomes from climate mitigation policies combined with scenarios of growth in agricultural productivity. Angelsen addresses policy options that affect both deforestation and food production. West et al. (15) analyze carbon stocks and current crop yields globally to assess the trade-offs in different regions. Galford et al. (16) and Murdiyarso et al. (17) address the linkages between deforestation and agricultural production at regional scales in today's major deforestation frontiers, the southern Amazon and southeast Asia, respectively. Palm et al. (18) address the linkages at local scales in two villages in East Africa. Finally, Thornton and Herrero (19) examine options for achieving the dual objectives in agricultural landscapes from livestock management. Other literature (20, 21) examines the options for managing agricultural soils.
In this paper, we identify the major themes that emerge from the collection of papers in the special feature and the implications for land use policies. We emphasize the need to view landscapes from a cross-sectoral, integrated perspective to identify opportunities that maximize synergies and minimize trade-offs between food production and climate mitigation.
Theme 1
Most greenhouse gas emissions in tropical countries are currently related to land use in forests and agriculture, implying that the main opportunities to mitigate climate change currently arise in these sectors. In contrast, in the rest of the world, climate mitigation opportunities occur mainly in the energy sector.
Globally, carbon dioxide (CO 2 ) emissions from fossil fuel combustion are overwhelmingly responsible for the increase in atmospheric greenhouse gas concentrations since the industrial revolution (22) . Only ≈14% of global CO 2 emissions from fossil fuels and other nonorganic sources came from tropical countries in 2005 (Table  1) . However, when considering additional emissions of the two other major greenhouse gases, methane (CH 4 ) and nitrous oxide (N 2 O), and CO 2 from fires and decomposition related to land-use activities, the contribution of tropical countries to the global total increases to 31%.
Land use-related activities constitute a larger share of greenhouse gas emissions in tropical countries than they do in the rest of the world. Fires (including those fires purposefully used to clear biomass in the deforestation process, fires for agricultural management, and uncontrolled fires) and decay contributed >35% of all tropical emissions (<1% in the rest of the world) in 2005. CH 4 resulting primarily from enteric fermentation in livestock and rice cultivation, contributed 23% of all tropical emissions (16% in the rest of the world). N 2 O resulting from a range of sources including forest and savanna fires, fertilizer use, and manure, contributed almost 10% of all tropical emissions (4% in the rest of world). At a global scale, land use activities including deforestation and agricultural emissions contribute 36% of all anthropogenic emissions. Approximately 60% of these land-use related emissions arise in tropical countries.
Emissions of all greenhouse gases are increasing at a more rapid rate in tropical Asia and Latin America relative to the rest of the world despite the lower absolute concentration (Fig. 1) . CH 4 emissions have increased most rapidly in Latin America since 1990 where enteric fermentation by ruminant animals is the largest source. N 2 O emissions have increased most rapidly in tropical Asia where the primary source is direct emissions from soil due to fertilizer applications.
These substantial contributions and increasing trends of land use-related emissions from tropical countries suggest that tropical landscapes can play a role in climate mitigation. Policy discussions have recognized the climate mitigation potential of REDD in tropical landscapes (7) . These discussions have reached high levels of United National Framework Convention on Climate Change (UNFCCC) negotiations, and many related activities are underway in multilateral, bilateral, and private initiatives outside the UNFCCC process. This special feature explores the additional important role that agricultural landscapes can play in reducing greenhouse gas emissions, particularly in light of the potential for synergies that both mitigate climate change by reducing pressure on forests (Theme 2) and improve food production (Theme 3).
Theme 2
At continental and global scales, agricultural expansion into tropical forests in this decade has traded off small increases in food production for large increases in greenhouse gas emissions from forest clearing. Agricultural intensification to increase food production (as opposed to expansion) can help balance this trade-off to meet multiple objectives for climate mitigation, increased food production, and food security for smallholder farmers.
One of the key questions motivating this special feature is whether policies to reduce deforestation could negatively affect food production as land to conserve carbon competes with land for agricultural expansion. We find, for the first half of this decade, only a minor contribution of deforested lands to food production at global and continental scales. Angelsen (14) reports that agricultural production in developing countries taken as a group has increased by 3.3-3.4% annually over the last two decades, whereas gross deforestation has increased agricultural area by only 0.3%. He concludes that future agricultural production will be more (35) . Tropical countries are defined as those with a majority of their land area between the Tropic of Cancer and the Tropic of Capricorn (see Table S1 for list of countries). *Includes fossil fuel combustion and other industrial sources excluding combustion of biofuels, field burning of agricultural waste, savanna burning, grassland fires, forest fires, and waste incineration of renewable wastes. sensitive to improvements in yields than to reduced deforestation. West et al. (15) underscore the need to increase yields in the tropics to alleviate the current situation in which a unit of cleared land in the tropics loses nearly twice as much carbon and produces less than half the crop yield compared with temperate regions. A notable exception to this general conclusion is the high-input farming practices in the southern Amazonian agricultural frontier (16, 23) . Thomson et al. (13) use a global integrated assessment model to examine future sensitivity of tropical forest lands and crop prices to demand for bioenergy and food under scenarios of agricultural productivity and climate mitigation policy that places a value on terrestrial carbon. They project that without mitigation strategies large areas of tropical and temperate forests will become deforested over the 21st century. Both crop prices and emissions from deforestation are highest in a scenario with low growth in agricultural productivity. These results reiterate the important role of agricultural intensification to meet dual objectives of satisfying future food demands and mitigating climate change through forest preservation and bioenergy production.
As an additional approach to addressing this question, we use various data sources to compare relative contributions of deforestation to agricultural land and to emissions at a continental scale (Methods and Table S2 ). Deforestation in dry and humid tropical forests between 2000 and 2005 increased agricultural land by a maximum of 4.3, 1.3, and 2.6% in tropical countries in Latin America, Africa, and Asia, respectively. For this time period, we estimate that deforestation from the three continents contributed 53, 29, and 31% of their total CO 2 emissions, respectively (Fig. 2) . For the tropics as a whole, deforestation from 2000 to 2005 added a maximum of only 2.5% of agricultural area relative to 2000 while contributing 39% of CO 2 emissions.
Results indicate a large increase in emissions from deforestation for a very modest gain in agricultural area at global and continental scales. Despite this conclusion, food security for the rural poor depends on local production regardless of the global-scale dynamics. Palm et al. (18) analyze the impacts of three scenarios for nitrogen additions (mineral fertilizer, green manure, and agroforestry) on food production in two East African villages. They calculated effects on greenhouse gas emissions from fertilizer application and carbon sequestration by reforestation in land not required for agriculture. They conclude that intensification is required at the local scale to promote both food security and climate mitigation in both villages.
The papers in this special feature and our results reinforce the oft-stated conclusion that addressing both food security and reduced deforestation lies in agricultural intensification rather than agricultural expansion into forested lands (24, 25) . The analyses do not support an argument that reducing deforestation will lead to decreased food production and increased food prices due to foregone agricultural expansion. We conclude that tropical deforestation has generally involved an imbalanced trade-off between small increases in agricultural area for food production and a large increase in greenhouse gas emissions at global and continental scales. However, the past may not be a predictor of the future. If international investors purchase large tracts of tropical forest and other lands and grow crops with high-yield farming techniques (this process is already underway in some parts of Africa) (26) , deforestation could lead to significant contributions to both food supply and greenhouse gas emissions.
The trade-offs and appropriate options to reduce emissions vary between largescale commercial and small-scale agriculture. Currently the major foci for deforestation are two frontier regions with commercially driven agricultural expansion in the southern Amazon (16) and southeast Asia (17) . With urbanization and international trade, future deforestation is likely to be similarly driven largely by demands for commercial production (24) . The increasing importance of large-scale commercial agriculture presents an opportunity for policy incentives to locate new production on land that has already been cleared or land with relatively low carbon stocks. Such policies would likely be more difficult to implement for small-scale agriculture where farmers are not able to shift locations as readily as newly establishing commercial enterprises.
For smallholder subsistence farmers where food security depends on local production, overall global food production is not directly relevant (27) . For these agricultural systems, other options to synergistically reduce emissions from agricultural management and improve food production arise from soil and livestock management, including conservation tillage, mulching, improved manure and pasture utilization, and composting (Theme 3).
Theme 3
Several synergistic opportunities exist to improve food production and mitigate climate change, including diversion of agricultural expansion to already-cleared lands, restoration of carbon in agricultural soils, and agroforestry. The effectiveness and appropriateness of these management options in a particular setting vary with current land use, demographics, socioeconomic conditions, and other site-specific characteristics.
Management options commonly involve trade-offs among multiple objectives, such as the trade-off occurring when deforestation provides agricultural expansion but increases emissions or conversely when policies reduce emissions from deforestation but curtail agricultural expansion. Synergistic options are less common but, when and where they do exist, can meet multiple objectives. In this special feature, we assess several potential options that synergistically improve food production and mitigate climate change in tropical landscapes.
Murdiyarso et al. (17) examine oil palm production in peat swamp forests of Indonesia. They conclude that intensifying Table S1 for a list of countries included in each continent.
existing production and locating new plantations in degraded secondary forests and grasslands can both satisfy demands and reduce greenhouse gas emissions. A carbon market is unlikely to provide adequate incentives for avoided deforestation for high value oil palm, so policies for land use allocation are needed to locate new plantations on previously cleared land (28).
Thornton and Herrero (19) consider extensive tropical livestock systems and conclude that management options could mitigate a maximum of ∼7% (417 Mt CO 2 -eq or 0.417 Pg CO 2 -eq) of the global agricultural mitigation potential to 2030 without reducing production. Mitigation options include intensifying rangeland productivity in the neotropics via adoption of improved pastures, livestock diet intensification in sub-Saharan Africa and Asia so that fewer animals are required to satisfy milk and meat demands, carbon sequestration in degraded rangelands and adoption of agroforestry, and shifts in breeds of ruminant livestock to improve animal productivity. Other authors (20, 21) conclude that soil carbon sequestration in tropical agroecosystems could be a small but partial offset of emissions from deforestation and degradation. More importantly, management practices aimed at soil carbon sequestration enhance food production and reduce pressure for cropland expansion.
The effectiveness and appropriateness of these options vary along a continuum of land use intensification from frontier clearing to extensive small-scale farming to intensive agriculture (29) . In agricultural frontiers, such as described in Murdiyarso et al. (17) and Galford et al. (16) , CO 2 emissions from deforestation are the primary concern. Incentives to locate agriculture on already cleared land promote production while curtailing emissions. Reliable data on the extent of abandoned and degraded lands are scarce but estimates indicate ≈385-472 million ha of abandoned agriculture globally (30) . In extensive small-scale agriculture, soil carbon sequestration and agroforestry are often promoted as management options that achieve both food security and climate mitigation concerns. In rangeland systems where livestock perform multiple functions in addition to meat and milk production, cultural aspects of livestock ownership and whether fewer but more productive livestock would be acceptable require further understanding (19) . At the other extreme of intensification with highly mechanized production, efficient fertilizer application and energy conservation are highlighted as options for synergistically addressing multiple goals (31) .
Options for achieving dual goals for food production and climate mitigation also vary with particular demographic and land use settings, even within the same region. Palm et al. (18) report that within two locations in East Africa, effective options differ between a location with high population density and small farms and a location with low population density and abundant land availability. In the former, only mineral fertilizers allowed yield to increase enough to meet caloric requirements and allow land for reforestation. In the latter, mineral fertilizer, green manure, and agroforestry all achieved the dual objectives. Devising local strategies to mitigate climate change and improve food security requires analysis of options that accounts for site-specific conditions that vary across demographic and biophysical settings.
We emphasize in this special feature that analyses of options at local, national, continental, or global scales require a wholelandscape approach that incorporates the full spatial, temporal, and socioeconomic domains. Spatially, the unit of analysis has often been confined to either agricultural or forested systems, whereas the linkages between these systems are critical to assess dual outcomes for climate mitigation and food security. Similarly, in the temporal domain, Galford et al. (16) examine not only deforestation but also postclearing activities to estimate that land uses following clearing account for 24-49% of the net greenhouse gas budget. From a socioeconomic perspective, the trade-offs and opportunities for synergistically increasing food production and reducing emissions vary between and within large-scale commercial and small-scale agricultural systems.
Theme 4
Synergistic opportunities for improving food production and mitigating climate change do not occur spontaneously and require targeted policies to become a reality.
A common notion asserts that agricultural intensification leads to cropland abandonment and land sparing (32, 33) . If this were the case, policies to promote intensification would spontaneously lead to forest regrowth and carbon sequestration as occurred, for example, in eastern North America beginning in the 1890s (34) . Other analyses conclude that cropland abandonment occurs only with food imports, political upheaval, or specific, targeted conservation set-aside programs (35) . Angelsen (14) reports that increases in local yield in many contexts stimulate rather than reduce agricultural encroachment because increasing local profits promote expansion, contrary to assumptions about land sparing. These results suggest that intensification is necessary, but not sufficient, to reduce pressures on forests for conversion to agriculture. Carefully designed policies that explicitly consider deforestation and agriculture are required to achieve the dual goals of climate mitigation and food security. REDD is one policy that addresses climate mitigation, but leaves aside concerns for food security, and does not address the need to promote alternatives to agricultural expansion through intensification.
We argue that international, national, and local policies will be most fruitful for promoting synergistic options if multiple goals are explicitly factored into Table S2 for datasets used for the estimates.
policy formulation. At the international scale, many have called for investments to improve productivity of long-neglected tropical agriculture (36) (37) (38) . We support this conclusion and add a call for including synergies between climate mitigation and food security in these discussions. International policies to promote such synergies between reduced deforestation and enhanced agricultural production are, for example, the inclusion of agricultural soil carbon sequestration credits in the compliance carbon market, development assistance for projects that explicitly link avoided deforestation and improved agricultural productivity, and guidelines for participation in global markets and trade policies that encourage the production of agricultural commodities on land that has already been cleared. Such global policies and development-assistance projects in turn encourage national policy and local management options.
Conclusions
The four themes that emerge from the papers in this special feature reinforce the need for an integrated, whole-landscape perspective for tropical landscapes to achieve multiple objectives. In this collection of papers, we consider only two objectives for tropical landscapes, climate mitigation and food production. Tropical landscapes provide many other services that equally require a whole-landscape perspective, including conservation of biological and cultural diversity; watershed protection; a range of provisioning services such as timber, nontimber forests products, and medicinal plants (39) ; and management that contributes to poverty alleviation and climate adaptation (40) .
The many objectives for tropical landscapes can be identified and achieved only through a lens that encompasses multiple sectors including forests and agriculture. In this special feature, we focus on options that maximize synergies and minimize negative trade-offs between these two sectors. The whole-landscape perspective encompasses both forest and agricultural lands (including crops, pastures, and rangelands) and the links between them. The need to incorporate multiple sectors applies at all spatial scales, whether pantropical (13), regional (16, 17) , or local (18) scales.
Linkages between forests and agricultural lands take several forms. First, the pressure for deforestation arises squarely from the agricultural sector to expand productive land area. We find that the contribution of deforested lands to agricultural area at global and continental scales is modest, but deforestation persists in frontier areas where expansion is possible (although rates have fallen in the Brazilian Amazon since 2005). Second, whether agricultural intensification reduces or increases pressure on forests is not a straightforward question. On one hand, higher productivity agriculture in the absence of price declines can create additional pressure for clearing by making expansion more profitable. On the other hand, higher yields can enable increased production without new deforestation provided incentives are in place. Abandoned agricultural and degraded lands offer a large opportunity for agricultural expansion without additional deforestation, although it cannot be assumed that all abandoned land is suitable for production. The potential for climate mitigation from reduced deforestation and degradation is now widely recognized, but the ability to realize this potential through addressing these linkages with the agricultural sector has not yet received a similar level of attention.
Tropical agricultural lands also hold potential for synergies that mitigate climate and increase food production in their own right, irrespective of the links with deforestation. Enhanced soil carbon, agroforestry, and livestock management are among the options discussed in this special feature and other literature (19) (20) (21) . The rising call for increased investments to intensify tropical agriculture to meet future food demands, if viewed from a whole-landscape perspective, potentially provides a platform for meeting the dual objectives of climate mitigation and food production.
The framework for this special feature has several limitations. We address the potential for climate mitigation in tropical landscapes but we do not address the important impacts of climate change on food production and food security that are projected to occur in the coming decades (11, 41) . We have not addressed the costs of climate mitigation options or of agricultural intensification measures. Nor do we consider the trade-offs in intensive agriculture with emissions related to use of fossil fuel energy, especially for fertilizer production. Further, we have not included the potential for pressure on future agricultural production through conversion of existing high-quality farmland in areas adjacent to expanding urban areas to residential, industrial, and recreational uses (4) .
We recognize the many considerations for tropical landscapes besides climate mitigation and food production, including biodiversity conservation, watershed protection, provisioning ecosystem services, and social and cultural aspects that need to be included in a whole-landscape approach, although we focus on only two aspects here. In addition, recognizing the distinction between food production and food security, with crucial dependence of the latter on access, income, and distribution in addition to food production, is important for meeting sustainable development objectives for tropical landscapes although we have not directly addressed this topic in this special feature.
The issues addressed in this special issue give rise to a number of research questions, including the following:
(i) What are the relative roles of international food prices, domestic policies, yield gains, and climate variability in driving deforestation? (ii) What management options are effective to achieve multiple goals for increasing crop yields, optimal soil and water management, reduction in greenhouse gas emissions, and maintenance of other ecosystem services such as biodiversity and watershed protection? How does the effectiveness of options vary in different biophysical and socioeconomic settings? (iii) What is the extent of abandoned agricultural lands? Are these lands suitable for cultivation? What investments and policies are required to make these lands useful for agricultural production? (iv) How will a changing climate affect the intertwined dynamics of deforestation and agricultural production in the tropics? How might climate change coupled with economic factors and policies outside the tropics alter the demands on tropical agriculture and pressures for deforestation? (v) How do national and global policies affect local land use decisions? Which policies at which scales can effectively promote a whole-landscape approach for balancing multiple objectives?
To answer these and related questions, an integrated whole-landscape approach is needed-one that links the goals of climate change mitigation and adaptation with agricultural production and food security. Such an approach can then contribute to the development of effective policies at local, national, and global scales that address synergies and trade-offs for meeting multiple objectives in tropical landscapes.
Methods
To estimate greenhouse gas emissions in 2005 (Table 1) , country emissions for each gas were obtained from the Emission Database for Global Atmospheric Research v. 4.0 (42) . Countries included for each continent were those with a majority of land area between the Tropic of Cancer and the Tropic of Capricorn (Table S1 ). Global warming potentials for a 100-y time horizon (43) were used to convert to CO 2 equivalents.
The trade-off between agricultural area and carbon dioxide emissions in Fig. 2 was estimated by assuming that all loss of dry and humid tropical forest from 2000 to 2005 (44) was converted to either cropland or pasture within the boundaries of the countries listed in Table S1 . This conversion represents a maximum estimate of agricultural expansion. Areas in cropland and pasture in the year 2000 were determined from the updated dataset at www. geog.mcgill.ca/landuse/pub/Data/Histlanduse/ on the basis of ref. 45 . Carbon dioxide emissions excluding organic carbon were derived from ref. 42 . Emissions from deforestation were estimated by assuming biomass using average values for each forest type in each continent in ref. 46 and assuming that a fraction of 0.6 was lost through combustion and decay on the basis of ref. 47 . Emissions of peat were added for Asia, using values from ref. 8. Countries included within each continent are listed in Table S1 . *The data set used is available at www.geog.mcgill.ca/landuse/pub/Data/Histlanduse/. † Emissions were estimated from mean biomass values reported in Table 2 in ref. 4 for forest type and continent and a conservative estimate of 0.6 fraction of biomass lost from combustion and decay (5). ‡ Includes 2.88 Pg CO 2 from peat using annual estimate of 0.12 Pg C/y from ref. 6 .
